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In October 1988, the Federal Highway Administration (FHWA) issued a memorandum that placed restrictions on the use of seven-wire strands for pretensioned concrete members in highway bridge applications. As a result of this memorandum, research projects on strand transfer and development lengths were initiated at many institutions across the United States and Canada, often resulting in conflicting design recommendations for transfer and development lengths of pretensioned strands. In an attempt to reconcile some of the differences in the design recommendations, the FHWA conducted an independent review of the recent research. This paper represents a summary of that effort. The specific objectives of the study were : (1) . conduct a review of literature related to strand transfer and development length research; (2) analyze data from recent studies and rationalize discrepancies among conclusions drawn from these stuqies; and (3) recommend equations for strand transfer and development lengths consistent with the current state-of-knowledge.
T he development length of prestressi ng strand is the minimum embedment needed to prevent slip when the strand reaches its design stress, fp s· T his length is meas ured from the point of maximum stress to the free end of a strand, as shown in Fig. 1 .
The development length consists of two segments:
1. T he tran sfe r le ngth, L 1 , where pretensio n tran sfers in to a co ncrete member 2. T he flexura l bo nd le ngth, Lb, where bond stresses equi librate the difference between the design stress and the effective prestress,fse An equation for strand development length is contained in the American Concrete Institute (ACI) Building Code and the American Association of State Highway and Tran sportation Officials 
BACKGROUND TO THE CURRENT ACI/AASHTO EQUATION
Eq. (1) was derived by ACI Committee 323 (now 423) for inclusion in the 1963 ACI Building Code. AASHTO adopted the expression in 1973. The equation is based largely on data from tests conducted at the Portland Cement Association (PCA) by Hanson and Kaar, 3 as explained in a recent paper.
• Hanson and Kaar reasoned that after flexural cracking in a pretensioned concrete member, a bond stress wave progresses from the point of maximum stress toward the transfer zone. General bond slip occurs if the wave reaches the end of the transfer zone. They deduced the shape of the bond stress wave from measurement~ on 47 (AASHTO) design specifications: " Based on a reappraisal of Hanson and Kaar's data, ACI Committee 323 chose a less conservative expression for the flexural bond length. Data considered by the committee, plotted in Fig. 2 , show the increase in strand stress from the effective prestress, fse, to failure stress, fps• in terms of strand embedment and diameter. Open circles represent the increase in strand stress at first slip (general bond failure) and solid circles represent the increase in stress at ultimate. General bond slip corresponds to the first measurable slip at the free, unstressed end of the strand. After general bond slip, the helical shape of the wires provides mechanical resistance, which permits an increase in strand stress with additional strand slip. At ultimate bond stress, the strand slips with no further increase in stress. An equation to represent a "reasonable mean for points representing general bond slip," and deemed "not overly conservative at larger embedments," was recommended by the committee. ' Though the committee's intent was to represent the mean to points corresponding to general bond failure, it is apparent from Fig. 2 that the expression is unconservative for long embedments (i.e., Lb/db greater than about 80). Seven of the 10 specimens with Lb/db greater than 80 experienced general bond slip at lower stresses than calculated by the committee's equation. For one-half of the specimens in this region, the expression is unconservative with respect to ultimate bond failure. Most pretensioned concrete members designed today fall into this region [i.e., stress increases more than 80 ksi (552 MPa) from effective to design stress].
Eq.
(1) was adopted for the 1963 ACI Building Code, which introduced strength design as an alternative to working stress design for structural concrete. At that time, bond and anchorage of reinforcement were treated by limiting calculated bond stresses 86 in a member. In subsequent ACI codes, allowable bond stresses were replaced by development length criteria. In the current ACI Code, development of reinforcement is treated in Chapter 12, "Development and Splices of Reinforcement."
A statement from the Commentary to Section 12.0 of the ACI Building Code is worth noting: "The strength reduction factor 1/J is not used in this chapter. The basic development lengths !db already include an allowance for understrength" (see Ref.
1, p. R-171). This statement is true for reinforcing bars, for which the code equations give development lengths about 15 percent longer than predicted from experimental results. A similar margin of safety is not provided for prestressing strand development lengths.
Concerns with the Current Expression
With the exception of cantilevers and short span members, strand development seldom governs the design of pretensioned concrete members. Nevertheless, several bond-related failures of pretensioned members have been reported since adoption of the current criteria. Martin and Scott describe the failure of a pretensioned member that collapsed under construction loads. 5 A similar member was load tested and failed in bond at 85 percent of its expected capacity. Martin and Scott called attention to the lack of conservatism in the current criteria and recommended adoption of criteria to match the Hanson and Kaar data. They derived curves of best fit for 1 /4, 3 /8, and 1 /z in. (6.3, 9.5 and 12.7 mm) strands consistent with Hanson and Kaar's results.
Zia and Mostafa also reported a bond-related failure in a pretensioned concrete beam. 6 In this case, the beam did not collapse, but sagged excessively with about 3 /8 in. (9.5 mm) strand slip. They recommended the following more conservative equation for strand development length:
Tests conducted in 1986 at North Carolina State University (NCSU) found development lengths for uncoated pretensioned strands that were significantly longer than predicted by Eq. (l).s Pretensioning strand in use when the Hanson and Kaar tests were performed was stress-relieved Grade 250 strand with a specified tensile strength of 250 ksi (1.7 GPa). In current practice, Grade 270 strand with a higher tensile strength, 270 ksi (1.86 GPa), and larger cross-sectional area is used. Low-relaxation strand with higher yield stress has replaced stressrelieved strand for new construction. These improvements allow higher pretensioning stresses and larger strand sizes than those tested by Hanson and Kaar.
The longer development lengths measured in the NCSU study and the higher pretensioning stresses in current practice prompted the Federal Highway Administration (FHW A) to question the current ACIIAASHTO expression for development length. In October 1988, the FHW A issued a memorandum that imposed the following restrictions on seven-wire strands in bridge applications:
1. The use of 0.6 in. (15.2 mm) diameter strand in a pretensioned application shall not be allowed.
2. Minimum strand spacing (centerto-center) will be four times the nominal strand diameter.
3. Development length for all strand sizes up to and including 9 h6 in. (14.3 mm) shall be determined as 1.6 times AASHTO Eq. (9-32).
4. Where strand is debonded (blanketed) at the end of a member and tension at service load is allowed in the precompressed tensile zone, the development length shall be determined as 2.0 times AASHTO Eq. (9-32), as currently required by AASHTO Article 9.27.3.
Recent Research
The FHW A memorandum created problems for the prestressed concrete industry. In some cases, designs needed revisions to conform to the interim criteria, stock precast elements became obsolete, pile caps had to be 12 Another project studied strand development length in solid and voided pretensioned slab elements. " A third project examined the special case of a pretensioned pile embedded within a cast-in-place concrete cap or footing .
•
U 1 and B are empirical bond coe ffi cients. 
3. A project was conducted by the FHW A to study tiansfer and development lengths of both epoxy coated and uncoated strands in small-sized elements. " This study considered the effect of grit-impregnated epoxy coating, strand size, and age of specimen. A second phase of this project is underway that includes full-scale specimens and will examine the effects of strand spacing and concrete strength.
4. A comprehensive research program was conducted at the University of Texas at Austin (UT A).' 6 Testing included measurements of transfer lengths and development lengths for both 'hand 0.6 in. (12.7 and 15.2 nun) diameter strands, and the behavior of beams made with debonded strands. Variations in specimen size and shape, strand spacing and strand confinement were also examined.
5. Tests of fu ll-sized AASHTO Type II girders with cast-in-place composite slab were conducted at Purdue University . 17 These tests were part of a study of pretensioned girders with debonded strands made continuous for live loads.
6. Tests were conducted jointly by Louisiana State University (LSU) and Auburn University to study the effect of epoxy coating, strand spacing and cover requirements.' 
Objectives of Present Study
As these projects neared completion, it became apparent that research was leading to myriad conflicting recommendations. To resolve some of these conflicts, the FHW A conducted an independent review of literature relating to strand transfer and development lengths. This review inc luded an analysis of data from recent projects and formulation of design equations. This paper presents a summary of that effort. In the sections that follow, the research projects cited above are discussed in more detail , along with other relevant studies. The review focuses on seven-wire, uncoated, low-relaxation strands in normal concrete. Research currently underway should provide guidelines for transfer and development lengths for epoxy-coated strands and for high strength concrete.
Specific objectives of the present study were as follows:
1. Conduct a review of literature related to strand transfer and development length research.
2. Analyze data from recent studies and rationalize discrepancies among concl usions drawn from these studies.
3. Recommend design criteria for strand transfer and development lengths consistent with the current state-of-knowledge.
TRANSFER OF PRESTRESS
The current ACI/AASHTO expression for transfer length was derived using a transfer bond stress of 400 psi (2.76 MPa), which represents the average value from tests conducted at the Portland Cement Association (PCA) for Grade 250 strand. This stress applies to the actual perimeter of a seven-wire strand, 4ndJ3. For equilibrium of a strand over the transfer length:
where the bond stress and effective prestress are in ksi units. The constant 0. 725 is the ratio of the actual area of Grade 250 seven-wire strand to the area of a circle of the same nominal diameter (for Grade 270 strand, this constant is about 6 percent larger).
Solving Eq. (4) yields:
For an effective prestress of 150 ksi (1.04 GPa), Eq. (5) results in a transfer length of 50db, which is the approximation used in both ACI and AASHTO shear design criteria.
In a strict sense, Eq. (5) became invalid when the industry changed from Grade 250 to Grade 270 seven-wire strand. This is because the crosssectional area of Grade 270 strand is about 6 percent larger than that of Grade 250 strand of the same nominal diameter, hence, requiring (theoretically) about 6 percent longer transfer length. Also, newer low-relaxation strand generally has higher strand stress after transfer, requiring longer transfer length than predicted by Eq. (5 (6) where /s; is the strand stress at the end of the transfer zone immediately after release. This expression was recommended in the FDOT study 12 and represents the mean value approximation to their measurements.
Eq . (6) differs from the current ACI/ AASHTO transfer length expression in that fsi replaces the term fse· The use of the term /s; is more rational considering that the transfer length is established at release of prestress and does not change significantly with time. For usual designs, the transfer length by Eq. (6) is about 20 percent longer than that computed by the current expression.
An important step in the design of pretensioned concrete members is to check the top and bottom fiber stresses at the end of the transfer zone at release of prestress, for which the stress fsi is needed. Thus, expressing L 1 in terms of fsi• rather than fse, is both rational and convenient from a design standpoint.
Considering the wide variation in measured transfer lengths, there are reasons to question whether a mean, or upper-or lower-bound expression should be adopted. A mean-value expression is consistent with ACI and AASHTO criteria that depend on transfer length. For checking stresses immediately after transfer, the roughly 20 percent longer length computed by Eq. (6) is slightly unconservative as compared to calculations made using the current expression. Typically, the calculated stresses at the end of the transfer length will differ by less than 5 percent using the two equations . This is acceptable considering the factor of safety in the allowable stresses at transfer and the fact that overstressing at transfer is not catastrophic.
A longer transfer length is more conservative for checking member strength under design loads and is warranted for checking shear strength and strand development length. Current ACI and AASHTO specifications approximate the transfer length as 50db for calculating the contribution of pretensioned strands to shear strength. This value should be increased by 20 percent, to 60db, to account for the longer transfer length of Grade 270 strands. The current ACI and AASHTO shear criteria were conservatively developed and a strength reduction factor of rp = 0.85 is applied to the calculated nominal shear strength of a member. Thus, allowance is made for extreme values of transfer length in the shear criteria and continued use of a mean value is justified. The degree of conservatism and suitability of Eq. (6) for calculating strand development length are discussed in the following sections.
DEVELOPMENT LENGTH
The FHW A memorandum requiring a 60 percent increase in development length, among other restrictions, stimulated many research projects. These studies led to several new proposals for pretensioned strand development.
Development lengths calculated by different proposals for the same pretensioned member vary widely (typically, the highest computed value is more than double the lowest, as shown by the example in Appendix A) . One study has recommended eliminating the strand development length concept and replacing it with crack prevention criteria. ' 6 In the following sections, several recent proposals for strand development are discussed and an attempt is made to reconcile some of the differences among the proposals. A recommendation is made to adopt a more conservative expression for development length to reflect current code philosophy and probable member behavior.
UTK Proposal for Development Length
Based on tests of 20 full-sized AASHTO Type II girders, researchers at UTK proposed the following development length equation:"
The UTK study targeted many important variables related to strand development. Unfortunately, there are reasons to question whether the UTK data justify the recommended 50 percent increase in the flexural bond length. This recommendation is based on the average bond strength at failure for the 20 specimens, which is a function of the design stress and effective prestress at the time of test. Effective prestresses reported in the UTK study were determined from strain gauge readings and are generally unrealistic.
The average effective prestress immediately after transfer reported for the UTK specimens is 186 ksi (1.28 GPa), which is reasonable considering that strands were pretensioned to 203 ksi (1.4 GPa) and elastic shortening losses average about 15 ksi (104 MPa) for the specimens. But the average effective prestress for the same specimens at the time development length tests were performed (i.e., several months later) was reported to be 193 ksi (1.33 GPa}, an increase from the stress immediately after transfer. More likely, creep, shrinkage and relaxation
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reduced the prestress from an average 186 ksi ( 1.28 GPa) to about 165 ksi ( 1.14 GPa) at the time development length tests were performed.
No explanation is given in the UTK report for this unusual behavior. However, the researchers note in an early version of the project reporf• that, " ... reliability of the resistance strain gauges during the construction phase was questionable. At best, no more than half of the installed gauges provided test results after transfer. Also, correlating the output strains with theoretical strains at the failing load provided questionable results" (see Ref. 24, p. 53) .
Erroneously large effective prestress in the specimens Jed to the conclusion that average flexural bond stresses were lower than predicted by the current expression, hence, requiring a 50 percent longer flexural bond length.
(Note that the analysis on which the final UTK recommendation was made fixed this increase more precisely as 42 percent) . 24 Assuming a design stress of 250 ksi (1.73 GPa), which is close to the average reported for specimens that failed in flexure and to the value obtained by strain compatibility analysis, the consequence of erroneously large effective prestress can be shown:
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Thus, to justify a 50 percent increase in flexural bond length requires that effective prestress increases with time, which is unlikely. Assuming effective prestress diminished to about 165 ksi (1.14 GPa) when development length tests were performed implies that the current ACII AASHTO equation is adequate for the UTK specimens.
The UTK development length tests were performed with the specimens supported on concrete-filled structural steel tubes. Friction at these supports created an arching action that enhanced resistance to the applied loads. A precise analysis of this effect is impossible. An analysis by the UTK researchers gave horizontal reactions ranging from 10.6 to 27.4 kips (47.2 to 122 kN) at failure. 25 This analysis was based on a theory that the concrete near the load point was strengthened by confinement supplied by the loading plate. Confinement was assumed to increase the compressive strength to more than twice the measured uniaxial strength of some specimens. Calculated strand stresses by this analysis were generally larger than the guaranteed ultimate strength and considerably larger than values tabulated in the final report.
Given the uncertainties of the actual strand stresses in the UTK specimens, a modification to the development equation based on the UTK data is unjustified.
FOOT Proposal for Development Length
The FDOT conducted three separate studies of strand development. These included tests of 17 AASHTO Type II girders with composite slabs, 12 seven solid and voided slabs, 13 and a series simulating piles embedded in a castin-place concrete cap.' 4 Based on these tests, FDOT submitted a proposal to AASHTO Committee T-10 26 to revise the development length expression to:
where llave equals 250 psi (1.73 MPa) and kb is a dimensionless constant defined as: kb = 8 for piles embedded in a concrete footing or pier cap; kb = 4 for slabs and slender members; and kb = 2 if the computed development length (using kb = 4) to member depth ratio is less than or equal to 3. For "slender members," kb = 2, the FDOT proposal gives about the same result as the current ACI/AASHTO expression. But the FDOT criteria abruptly doubles the current value for deep members and halves the current value for embedded piles.
The basis for the FDOT recommendation regarding embedded piles is founded on the belief that shrinkage of cast-in-place concrete around a precast concrete pile creates a clamping force that reliably improves the flexural bond of the pretensioned strand. Tests conducted by FOOT for this application involved testing segments of a salvaged 14 x 14 in. (356 x 356 mm) pretensioned pile. The segments were loaded to failure after clamping them with a 200 kip (889 kN) force intended to simulate the effect of shrinkage in surrounding concrete. There are several questionable assumptions regarding this test program:
1. The clamping force was determined from strains measured within a 42 x 54 x 48 in. (l.l x 1.4 x 1.2 m) concrete mass surrounding a precast concrete section. Large strains (more than 300 microstrains) were recorded after one day near the middle of the mass concrete and initially attributed by the researchers to drying shrinkage in the concrete. These strains are orders of magnitude larger than can realistically be attributed to concrete shrinkage. More recently, the researchers have acknowledged that the initial strain readings were caused by temperature rise.
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But they maintain that after two weeks, the concrete temperature returned to ambient and that subsequent strains were caused by shrinkage. Considering the disparity between tensile and compressive strains associated with this explanation, it appears unlikely that such large strains were caused by drying shrinkage.
2. A stress distribution within the mass concrete was formulated by simply multiplying principal strains by an assumed concrete modulus of 3600 ksi (24.8 GPa) . This overlooks the fact that creep significantly alleviates internal stresses caused by confined shrinkage in concrete. The resulting stress distribution bears no resemblance to a distribution caused by drying shrinkage. In reality, restrained drying shrinkage in mass concrete results in tensile stresses near the surface, not compressive clamping stress, as used in the FOOT tests.
3. Specimens cut from an existing pile section are likely to have significantly shorter transfer lengths than a typical pretensioned pile. The transfer length in a pretensioned pile is more than one-half the FDOT' s proposed development length, leaving only about a 24 in. (610 mm) flexural bond length.
FDOT's proposal to adopt the ex-90 pression fs;db/3 for transfer length has merit. However, abruptly doubling the development length based on the spanto-depth ratio or halving the development length for embedded piles is not justified by the FDOT research.
Purdue University Tests
Tests performed at Purdue University involved full-sized AASHTO bridge girders and box beams with both debonded and fully bonded strand patterns. 17 Girders were made composite with a cast-in-place slab. The fully bonded specimens were loaded to failure with embedments exceeding the development length calculated by the current ACI/ AASHTO equation. For embedments of about 1.2 times the calculated development length, the specimens failed at two-thirds to threequarters of their predicted capacities.
Only with an embedment of 1.8 times the calculated development length was the full capacity achieved. This led to the conclusion: "The flexural and shear design of both bonded and debonded pretensioned 1-beams, where the flexural capacity controls, based on current ACII AASHTO design provisions would be adequate provided that the fully bonded strands in the member have anchorage length of at least 1. 7 Ld. This recommendation is based on the results of the fully bonded beam in Specimen Set 3 as a lower bound. This value of 1. 7 Ld is also in agreement with the finding in the FDOT study." (see Ref.
17, p. 65.)

McGill University Proposal
Based on tests of 22 single-strand rectangular specimens, researchers at McGill University expressed strand development length as a function of concrete compressive strength. 19 The expression is similar in format to the current ACIIAASHTO expression except that the transfer length and flexural bond length are multiplied by the terms involving concrete compressive strength, and fs; replaces fse in the transfer length. This results in the equation: (10) This expression agrees well with data from the McGill tests but does not compare well with the data from other recent studies. 23 Some of the difference may result from the gradual release method employed in the McGill tests, as compared to sudden release in most other studies. Also, the strand surface condition in the McGill study was described as slightly rusted, which is known to improve bond.
The McGill tests provide clear evidence that strand bond is better in high strength concrete members than in similar members of normal concrete. Research in progress will provide a better data base to evaluate the McGill expression. Until more data are available, the McGill University equation is not recommended for design purposes.
Strand Development by UTA Criteria
The UTA study concluded that seven-wire pretensioned strands could be developed by preventing cracks within the transfer zone. Instead of checking strand embedment against a calculated development length, design guidelines were developed to prevent concrete cracking in the debond/transfer zones of girders. 16 For this purpose, the UTA study recommended an expression for transfer length, f se db/2, which gives transfer lengths that are 50 percent longer than those calculated by the current ACIIAASHTO expression. The UTA strand development approach is summarized in the following general conclusion: " ... to prevent anchorage failures, beams should be designed so that no concrete cracks will propagate through the transfer zone of a pretensioned strand. This observation is comprehensive for all sizes of pretensioned strand, for all pretensioned applications, and for both fully bonded and debonded strands." (see Ref. 16 For members containing debonded strands, the importance of preventing cracks within the debond/transfer zone under design loading was well established by the UTA tests. But the generality of this criterion for all pretensioned applications is questionable. That it is not generally applicable is shown by several specimens from the Hanson and Kaar tests 3 that failed in bond with ultimate moments less than predicted and without cracks within their transfer lengths.
As one example, Specimen 3-10 from the Hanson and Kaar study can be cited. This specimen was reported to have failed in general bond at only 77 percent of its full nominal moment strength and to have attained only 90 percent of its nominal strength at ultimate. The specimen had a reported transfer length of 26 in. (660 rnm) and a cracking moment of 467 kip-in. (5.3 MN-m) . The closest probable crack was about 5 ft (1.5 m) from the member end, which is roughly twice the reported transfer length. Several other exceptions to the UTA general conclusion can be found among the specimens tested by Hanson and Kaar.
The UTA program included development length tests for 19 I -shaped beams resembling AASHTO-type composite girders. These specimens frequently showed initial bond slip occurring coincident with web-shear cracking. The UTA researchers observe that, " ... this and other research consistently demonstrate web shear cracking to precipitate anchorage failures" (see Ref. 16 , p. 51) . Behavior
March-April 1995 depicted in Fig. 3 , however, casts doubt on whether web-shear cracking initiated strand slip or vice-versa. This figure shows load-deflection and strand end slip measurements from a UTA test. (1.0 m) , which is only hypothetical, and resulted in a uniform reduction in bond stress over this length, the corresponding loss of prestress would be about 20 ksi (138 MPa). This sudden loss of prestress causes a sudden increase in principal tensile stresses in the web and this could lead to subsequent web-shear cracking.
Other recent studies offer conflicting opinions about whether bond slip results in a shear failure or vice-versa. The UTK report, for example, states, "Some slight slippage of the strands during static testing did not significantly reduce the beam flexural strength, but it did make the beams more susceptible to shear failure ... " (see Ref. 24 , p. 67) . Conversely, the FDOT study for composite AASHTOtype girders concludes , "The results indicate a direct interaction between shear and bond with the initial slip occurring immediately or shortly after the appearance of the first shear crack." (see Ref. 26 , p. 89).
The best documented evidence found to explain the interaction between shear and bond is Fig. 3, which gives a strong indication that general bond slip occurred prior to sudden shear failure. No matter whether the failure mode is shear/bond or bond/shear, the failure is sudden and undesirable and should be prevented by the adoption of conservative criteria.
The
On this basis, the failures were rationalized to satisfy the UTA failure criterion. But a designer must rely on calculations and the UTA criterion predicts that the strands in these specimens fully develop, even at embedments as short as 60 in . The expression for transfer length recommended in the UTA study, though more conservative than the current ACI/AASHTO expression, does not make adequate allowance for probable extremes, as the performance of Specimens FR350-1 and -2 shows.
Equally important, the UTA general conclusion is not proven applicable for all pretensioned applications. Consider, for example, an extremely short, uniformly loaded, pretensioned cantilever beam as shown in Fig. 4 . Using the approximate Eq. (18-3) of the ACI Building Code and assuming fully developed strands, the design stress for the beam is 263 ksi (1.8 GPa), which gives a design moment strength of 80. (127 mm) over which the difference between the design stress , 263 ksi (1.86 GPa), and the effective prestress, 155 ksi (1.07 GPa), must be equilibrated by bond stresses.
This requires an average flexural bond stress of 1500 psi (10.4 MPa), which is roughly four times the peak bond stress reported by Hanson and Kaar. 3 Bond stresses of this magnitude cannot be consistently developed. This is an extreme case, but it demonstrates that the UTA criteria are readily satisfied in cases that are highly susceptible to bond failures (i.e. , short cantilevers). There are enough documented exceptions, including Specimens FR-350-1 and FR-350-2 from the UTA study, to question whether 
Though the UTA report makes a strong case for adopting transfer zone crack prevention criteria, which have important implications for shear design and for de bonded strands, UTA's general conclusion should not replace the current concept of strand development length.
Test Procedure in Recent Studies
Recent tests to establish strand development length have followed a similar approach. Simply supported pretensioned concrete beams were tested with varying strand embedments. If a flexural failure occurred, the test embedment length was taken as an upper bound to the development length. If bond failure occurred, a lower bound to the development length was assumed.
In this way, researchers attempted to verify the current ACI/AASHTO expression by finding the embedment length delineating the change in failure modes from bond to flexural. Aside from the difficulties caused by scatter in test results, there are reasons to question whether this approach establishes the development length for a pretensioned strand.
One problem with the approach is that it does not account properly for the interaction and variation among important variables; namely: transfer length, effective prestress and design stress. To illustrate this point, consider a hypothetical case in which testing leads to the conclusion that 80 in. For simplicity, the stress immediately after transfer is assumed to be 180 ksi ( 1.24 GPa) and the design stress as 270 ksi (1.86 GPa). The average transfer length for Table 2 .
On the first line of Table 2 , which is labeled "Good Bond," are data for a specimen with an extremely short transfer length, taken here as 15 in. (380 mm). The effective prestress at time of test is taken as relatively large at 175 ksi (1.2 GPa)(e.g., a high quality concrete specimen tested at an early age). The average transfer bond stress for this case , acting on the actual strand perimeter of 2.09 in. 
Thus, average transfer bond stress in this case is roughly eight times the average flexural bond stress and bond failure is highly unlikely. But consider the sensitivity of the average bond stresses to transfer length and effective prestress. Results for an "Average" case are listed in Line 2 of Table 2 . Here, a transfer length of 30 in. (762 mm) implies poorer bond than existed for the "Good Bond" case. Further, a lower effective prestress of 150 ksi (1.04 GPa) requires that a larger force be equilibrated over a shorter flexural bond length, 50 in. (1.26 m), resulting in a much higher flexural bond stress than in the "Good Bond" case. For this case, the ratio of average transfer bond to average flexural bond stresses drops to one-third the ratio of the "Good Bond" case. But even attaining flexuMa rch-April 1995 ral failure under these "Average" conditions does not provide an upper bound to development length. Design criteria must allow for extremes. Effective prestress might be as low as 0.5fpu• which is 135 ksi (930 GPa) in this case. The transfer length for a particular member with 1 12 in. (12.7 mm) diameter strand might be as large as 45 in. (1.14 m). Such a "Poor Bond" condition is illustrated on the third line of Table 2 . In this case, relatively poor bond coupled with high average flexural bond stress, U 1 ,ave l ub,ave = 1.0, indicates probable failure by bond.
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Verifying the minimum embedment length to achieve flexural failure for any number of specimens does not ensure that similar members will achieve flexural fail ure with the same embedment. In particular, testing pretensioned pile sections with 48 in. (1.2 m) embedment and achieving flexural failure , under extremely favorable conditions, 27 does not prove that strands can develop reliably in similar applications with an embedment length that is roughly one-half the length calculated by current criteria.
A more rational approach to establish the development length is that followed by Hanson and Kaar, in which limiting bond stresses are found and used to calculate the required length of embedment. 3 
Variation in Flexural Bond Stress
The current AASHTO/ACI development length equation (in essence) assumes a constant flexural bond stress and obtains a linear relationship between the flexural bond length and the change in strand stress over this length. For equilibrium of the flexural bond length: 
where the term 4rrdtf3 is the perimeter of a seven-wire strand. For Grade 270 strands, strand area can be approximated as 0.6ldb>, and Eq. (13) can be solved to obtain an expression for the flexural bond length similar to the current ACI/AASHTO expression:
In the AASHTO/ACI expression, the term (3 x 0.6l)/(4rrub,ave) is unity, implying a constant value of bond stress, ub,ave == 145 psi (1 MPa).
The local bond stress wave deduced by Hanson and Kaar is reproduced in posals to revise the development length equation apply modifiers to the flexural bond length, which, in effect, alters the assumed average flexural bond stress. Table 3 contains proposed flexural bond length multipliers from several recent studies. Reduction in local bond stress from its peak value of 400 psi (2.8 MPa) to the limiting 50 psi (345 kPA) appears reasonable considering the generally accepted bond mechanism for sevenwire strand. 29 After a flexural crack forms, adhesion between the steel and concrete is broken and a strand slips and twists along the helical path formed in the concrete. Slip is initially resisted by the slight mismatch in cross. sections that occurs when one cross section is displaced a short distance away. As the stress increases, the strand stretches and contracts laterally, reducing the amount of misfit and, hence, reducing the resistance to slip.
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In view of this bond mechanism and considering the nonlinear stress-strain relationship for seven-wire strand, it seems illogical to assume that flexural bond resistance is constant regardless of stress level and that the development length is a linear function of /p 5 for a given strand diameter and effective prestress. Consider, for example, an idealized stress-strain curve for Grade 270 strand as shown in Fig. 6 . As stress increases from an effective 150 ksi (1.05 GPa) to, say, 250 ksi (1.73 GPa), the strand experiences an increase in strain of roughly 0.005. However, if the stress had been required to reach, say, 268 ksi (1.86 GPa) (about 7 percent greater stress) the increase in strain would be 0.029, which is 500 percent greater. Considering the bond mechanism, stretching and contracting the strand six times as much in the latter case should logically result in a lower average bond stress.
The reduction in average bond stress with increasing strain, in terms of the index pfp/f: = mP' is evident in Hanson and Kaar' s data and has been noted in several reappraisals of their dataY
Hanson and Kaar noted, " ... for a given embedment length, the average bond stress at flexural failure will be less in a beam with high steel percentage than a beam with low steel percentage. The risk of exceeding the average bond stress at which general bond slip occurs for a particular embedment is therefore greater with a beam having a low percentage of steel." (see Ref. 3, p. 795) The fact that average bond stress is higher over segments nearer the transfer zone than over the entire flexural bond length is the basis for applying the development length equation in current specifications.
Both ACI and AASHTO permit the investigation of strand development to be limited to the critical sections nearest to each end of a member. For some members, the available length of embedment is less than that required to develop the strand to its ultimate stress, /pu-Because the average flexural bond stress is higher for shorter lengths of embedment, it is conservative to use the development length equation to solve for the maximum strand stress that can be developed for the given embedment length. This approach is used, for example, in AASHTO Eq. (9-19) to calculate the limiting strand stress for precast, prestressed deck panels. 2 
Failure Strains in Recent Test Specimens
Apparently to simplify testing, most development length specimens have been proportioned to fail at relatively low strains. The exceptions have been girders with cast-in-place composite slabs (Purdue, FDOT and a few others) . The typical effect of adding a composite slab is illustrated in Fig. 7 , using a test specimen from the UTK study as an example. Girders in the UTK study were tested without a slab.
The neutral axis in these noncomposite sections at failure was about 10 in. (254 mm) below the compression edge, resulting in calculated strand strains by strain compatibility of about 0.0 ll . Had these sections been made composite with a cast-in-place slab-as most actual bridge applications would have been -the neutral axis at failure would be above the precast section and near the compression edge. This would result in much larger strand strains that are typically close to the specified minimum elongation of 0.035.
Experimental results from most test programs suggest that average bond strength is lower in specimens with large strand strains at failure (e.g., strains near the guaranteed minimum elongation of 0.0350) as compared to specimens that failed with strains near the yield strain (i.e. , 0.010). For example, FDOT conducted tests on solid and voided slab sections. The conclusion from this series was that the current ACII AASHTO development length expression was conservative for these sections.
In a separate test program, FDOT 
400r----------------------------------, 300
Composite Test Specimens with tested AASHTO Type II girders with composite cast-in-place slabs and found that these members generally required up to 1.7 times the ACIIAASHTO predicted development length. 13 One possible reason for this discrepancy is the relative difference in strain levels between the two groups of specimens . Using strain compatibility analysis, the calculated strains at failure for the FDOT slab specimens are about 0.011 (by ACI 318 principles). The FDOT composite girders have calculated strains at failure of about 0.027. Assuming the effective strain at decompression was about 0.006 in all specimens, the additional girder strains would be about four times as much as in the slab specimens. Fig. 8 compares calculated strains at failure for specimens from several test programs. Generally, those specimens with calculated failure strains greater than 0.025 experienced strand slippage with greater embedments than that required by current ACIIAASHTO criteria. In addition to the FDOT girders discussed above, five composite AASHTO Type I girders with fully bonded strands were tested at Purdue University. 17 Four of the specimens were tested with embedments of 1.1 to 1.2 times the ACI/AASHTO development length and failed with strand slippage at moments significantly below their expected capacities. Only with an embedment of 1.8 times the rc .. 5000 psi; rei .. 4000 psi; fsi .. 180 ksi; fse "' 180 ksi   12-by 32-in beam with varying number of 1/2-in strands   _200.-------------------- current development length did one specimen reach full capacity without bond failure.
Comparison of Calculated Development Lengths
Recommended Development Length Equation
To ensure both strength and ductility in pretensioned concrete members, a more conservative development length expression is required for members that must attain large design strains. Test specimens proportioned to have strains at failure near yield (0.010) have usually achieved their predicted moment strengths at strand embedments calculated by the current ACI/AASHTO expression . Specimens proportioned to achieve strains at failure of about 0.035 have typically failed to reach their expected moment capacities due to premature bond failures .
To provide a conservative expression, it is recommended that the current expression for transfer length, fsedb/3, be replaced by the expression f sidb/3 . Further, the constant bond stress applied to the flexural bond length in the current expression should be replaced by a variable bond stress, similar to the approach followed by Hanson and Kaar. The variable bond stress should increase the development 96 length from its current value at cps = 0.010 to 1.7 times the current value at cps = 0.035, consistent with the recommendation from the study at Purdue University. This is accomplished by the expression:
where, for general applications, A is taken as (0.6 + 40cps) and cps is the strain corresponding to fps· For many applications, design stress is approximated using Eq. (18-3) of the ACI Building Code. For these cases, strain is expressed in terms of OJP = Pp/'p.ff: and the equivalent expression for A is (0.72 + 0.102{3 1 /wP) . Although the calculated strain in pretensioned concrete members frequently exceeds 0.035, the ASTM specified minimum elongation is satisfied at 0.035, which corresponds to A = 2.0. It is reasonable then to set an upper limit of 2.0 for A. A lower bound of A = 1.0 applies for the unusual cases in which design strains are below yield, 0.01 . Thus: Lo~[;., =(0. 6+40cps )]~2.0 (16) Eq. (15) is plotted in Fig. 9 for an example rectangular beam with varying percentages of prestressed reinforcement. Also shown in the figure are the development lengths for this member calculated by several other criteria. Calculations for the example are included in Appendix A. Eq. (15) agrees with the current ACI!AASHTO expression for the case in which fp s = 242 ksi (1.7GPa), where OJP = 0.36{3 1 • The equation yields about 1.6 times the current ACII AASHTO development length for f ps = 263 ksi ( 1. 8 GPa), where OJP = 0.072.
Strand development is often critical in pretensioned cantilevers , where strands typically have several feet of concrete cast beneath them . While none of the studies reviewed in this report have examined the effect of strand position on development length, there is evidence that settlement of freshly placed concrete and the accumulation of bleed water around strands can weaken bond. Studies at the University of Illinois found that the bond strength of strands with 10 in. (254 mm) or more of concrete cast beneath them was only about 75 percent of the strength for strands in similar specimens having only 2 in . (51 mm) of concrete below. 29 Also, comparative end slips for top strands at transfer reported in the UTK study were, on average, .about 2.6 times the corresponding slips in the bottom strands of the same specimen. 24 Tests have shown a correlation between large strand slip at transfer and poor strand development. 30 The ACI and AASHTO specifications both require that the basic development length of reinforcing bars be increased by a factor of 1.3 when horizontal reinforcing bars have 12 in. (305 mm) or more of concrete cast beneath. For these reasons, it is recommended that Eq. (18) be regarded as a basic development length and that it be multiplied by a factor of 1.3 when 12 in. (305 mm) or more of fresh concrete is placed below either a horizontal or draped strand that ends within the upper one-third region of a member's overall depth. For strands ending in other regions, the 1.3 multiplier need not be applied.
Several example problems to illustrate the proposed equation are included in Appendix B.
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SUMMARY AND RECOMMENDATIONS
Recent studies provide a wealth of information relating to transfer and development of pretensioned strand. This contributes to new applications, especially for pretensioned beams made with high strength concrete. 3 '· 32
Unfortunately, conclusions relating to strand transfer and development lengths have differed significantly from one study to another. The objectives of the present study were to conduct a review of literature relating to transfer and development of seven-wire pretensioning strand, to rationalize discrepancies among conclusions drawn from various studies, and to recommend equations for strand transfer and development lengths. At present, there are several research projects in progress related to strand development length. Thus, recommendations made in this paper will need re-evaluation as additional data become available.
Transfer Length
The current ACI/AASHTO transfer length equation is based on data that are inappropriate for current practice. This expression underestimates the mean transfer length for the Grade 270 low-relaxation strands used for most contemporary pretensioned concrete members. The expression recommended in the present study is the same as recommended in an earlier study by FDOT. The recommended expression is:
For strands, either straight or draped, that end in the upper one-third of member depth and have 12 in. (305 mm) or more of concrete cast beneath, it is recommended that the transfer length be taken as 1.3 times the value calculated by Eq. (17) . Strands ending in other regions need not be multiplied by 1.3. Recommendations apply to Grade 270, seven-wire, low-relaxation, uncoated strands used in pretensioned members with normal weight concrete having a compressive strength at release of 3500 psi (24.2 GPa) or higher, and a specified compressive strength
present ACI/AASHTO expression. In the current ACI and AASHTO shear criteria, the transfer length is approximated as 50db. This value should be increased by 20 percent, to 60db, to account for the longer transfer length of Grade 270 strands.
Development Length
Design recommendations from recent studies give wide-ranging values of development length when applied to the same design situation (typically, the highest computed value is more than double the lowest value). One study has recommended abandoning the concept of strand development length in favor of crack prevention criteria within the transfer zone. Most of the studies, however, have recommended expressions similar to the current ACI/ AASHTO expression, with modifications to either or both of the transfer and flexural bond lengths.
A study conducted at UTK concluded that the current ACI/AASHTO expression should be modified by multiplying the flexural bond length by a factor 1.5. Unfortunately, there are inconsistencies in the reported data from the UTK study that cast doubt on the basis for this recommendation.
The FDOT has recommended an expression that abruptly modifies both the transfer and flexural bond lengths depending on the span-to-depth ratio and member type. The rationale for such abrupt changes is questionable, and it is recommended that the FDOT criteria not be adopted.
McGill University researchers have recommended an expression that modifies both the transfer and flexural bond length depending on concrete compressive strength. The recommended equation is consistent with data from the McGill tests, but differs significantly from results from other recent studies. Better understanding of the influence of concrete strength on bond performance should be provided by tests that are in progress.
The recommendation from the Purdue University study for members governed by flexure was to provide a strand embedment of at least 1. 7 times the development length as computed by the current ACI/AASHTO expression. This recommendation was noted to be in agreement with the earlier finding in the FDOT tests of AASHTO composite beams.
Tests conducted at UTK, FDOT, UTA and Purdue have shown an important relationship between strand bond and shear strength. The tests demonstrate the potential for a web shear crack to propagate through the strand transfer zone and cause general bond failure. The consequent destruction of tension anchorage leads to a failure that is frequently sudden and without warning. This behavior indicates a deficiency in the current ACI/ AASHTO shear design criteria for pretensioned members that should be remedied. Design recommendations for pretensioned members governed by web-shear cracking are available in the UTA report. 16 The UTA study also established the importance of preventing cracks in the debonded and transfer zones of members containing debonded strands. The UTA criterion provides a rational approach for development of debonded strands, provided that in addition to preventing cracks in the debond/ transfer zone, there is strand embedment from the critical section to the end of the debond zone equal to or in excess of their development length. These criteria should replace the current code requirement of doubling the development length for debonded strands that terminate in regions of flexural tension under service loads.
The general conclusion drawn in the UTA study was that seven-wire pretensioned strands could be fully developed by preventing cracks within the transfer zone. The UTA researchers recommend replacing the strand development length expression in current codes with crack prevention criteria. This conclusion is questioned in the present study from the standpoint that it is generally unconservative and unproven for all types of pretensioned concrete applications.
Expressing development length as the sum of transfer and flexural bond lengths is fundamentally sound and conceptually simple. Adopting the UTA crack prevention criteria would require a set of equations specific to the support conditions and loadings on the pretensioned concrete member. The current ACI/ AASHTO approach is consistent with the code treatment of "attainable average bond stress over the length of embedment" (see Ref. 1, p. R-181) that has been successfully applied to nonprestressed reinforcement for many years. There is merit to retaining a concept that has been a part of the ACI Code for 30 years. Modifications to both the transfer and flexural bond lengths are needed, but the basic concept should be preserved.
The current ACI! AASHTO development length expression is generally unconservative. Fortunately, strand development rarely governs the design of pretensioned concrete members. The relatively few documented bond related failures in pretensioned members is probably due to the infrequent occurrence of critical conditions, instead of adequate safety in the design criteria.
Pretensioned concrete beams failing in general bond and followed by ultimate flexural failure typically show gradual, ductile failures. However, many bond related failures in test specimens have shown a relationship with shear strength, and generally fail in a sudden mode without adequate warning. The possibility of such failures demands conservative development length criteria, consistent with the strength design philosophy of current codes. A conservative expression for strand development recommended in this study is the following: (18) where for general applications, the multiplier A is taken as (0.6 + 40ep,).
For applications in which design stress is calculated by the approximate Eq. (18-3) The corresponding strand stress at failure ranges from 242 ksi (1.7 GPa) with 12 strands to 263 ksi (1.8 GPa) for three strands, as approximated by Eq. (18-3) of the ACI Code. Sample calculations below are for the case using three strands. Results for other cases are shown in Fig. 9 .
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Hanson and Kaar Criteria
The Hanson and Kaar criteria were developed from tests on Grade 250 strand. For comparison purposes, their local bond stresses will be assumed applicable to the Grade 270 strands of the example.
Transfer length is based on a bond stress of 400 psi (2.8 MPa), which applies to the actual strand perimeter [i.e., 
AASHTO Specification Prior to 1973
In 1973, AASHTO adopted the development length equation that was included in the 1963 ACI Code. Before adoption, AASHTO simply used the minimum embedment required to develop the breaking strength of Grade 250 strand, which was calculated as 134 in. 
UTA Criterion
The UTA study recommended a different approach to strand development than calculating a development length. The UTA approach is summarized: " ... to prevent anchorage failures, beams should be designed so that no concrete cracks will propagate through the transfer zone of a pretensioned strand. This observation is comprehensive for all sizes of pretensioned strand, for all pretensioned applications, and for both fully bonded and debonded strands." (see Ref.l6, page 209) Thus, for the example problem, the UTA criterion requires that the calculated flexural stress within the transfer zone not exceed the modulus of rupture plus effective prestress at the point of consideration. The transfer length recommended by UTA is: 270 kN-m) , and web shear cracking is not a problem, the UTA criterion predicts that strands can fully develop regardless of strand stress.
Proposed Development Length Equation
Using the development length equation proposed in the current study involves for this case:
coP=(~~)(;; J For this example, the calculated strand stress is close to the yield stress and Eq. (18) gives a development length that is practically the same as the value computed by the current ACIJ AASHTO equation.
Example 2: Double Tee
For the double tee shown in Fig. B1 , the effective width for each stem is taken as 38 in. (965 mm), the flange thickness is 2 in. (51 mm) and each stem contains three This represents an extreme case in which the strand strain at ultimate exceeds the minimum guaranteed elongation of 3.5 percent. In this case, the development length is roughly 1.7 times the value that would be computed using the current ACIJAASHTO expression. (Note that the factor of 2.0 applies only to the flexural bond length and not to the transfer length.) The strand stresses must be determined by a strain compatibility analysis. If the axial force on the section is negligible, the location of the neutral axis at flexural failure can be found by trial-and-error to be 4.1 in. (104 mm) below the compression face. This value was found using the principles of ACI 318 and an idealized stress-strain curve for Grade 270 low-relaxation strand. 33 For this location: 
Most piles carry significant axial forces in addition to bending moments. These forces must be included in a strain compatibility analysis. For example, if the pile in this example had 100 kips (445 kN) axial compression force acting simultaneously with the moment, the neutral axis at failure would be 5.5 in. (140 mm) below the compression face; the strand strain on the tension side would be 0.011 at failure; the controlling strand stress would be 261 ksi (1.8 GPa) and would require a development length of 84 in. (2.1 m) by Eq. (18) .
Because piles are horizontally cast, the strands in the top row will terminate in the upper one-third of member depth and contain more that 12 in. (305 mm) of concrete cast below. Thus, the development length should be increased by a 1.3 multiplier for these strands. 
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